Abstract-This letter proposes a new topology of antenna based on the use of planar circularly symmetric electromagnetic band gap (PCS-EBG) with different periodicities. These periodicities are used to impose different propagation velocities of the dominant surface waves on different zones of the same dielectric substrate. The control of the dispersion characteristics guides the design together with the definition of a centered feed suitable to excite the surface waves. One prototype has been designed, manufactured and tested to prove the concept.
I. INTRODUCTION
T HE use of planar circularly symmetric electromagnetic band gap (PCS-EBG) structures to avoid surface waves has been investigated in three recent works [1] - [3] . The common foundation of these works is the use of a radial symmetric pattern on a completely planar structure to control the surface waves that are particularly significant for substrates that are thick in terms of wavelength. The reason for using thick substrates in [1] - [3] was primarily to achieve wide-band behavior while preserving good front to back ratios in completely planar structures. In the present letter, the philosophy is different. Here, the printed surface operating as EBGs is used only in one sector of the antenna aperture, while on the other sector the printed surface converts the surface waves into leaky waves. The realized antenna, completely manufactured in planar technology, is shown in Fig. 1 . The use of a printed EBG-type surface to convert surface waves into leaky waves has been recently applied in [4] with reference to holographic concepts. The so-called holographic antennas present a modulated high impedance surface as dictated by an interference pattern between the wave radiated by a feeder and a plane wave coming from a chosen direction of maximum radiation.
The antenna presented here can be seen as a particular type of holographic antenna, designed using the full information of the dispersion diagrams [1] more than a pure optical concept. Indeed, one sector of the printed surface is characterized by a complex leaky wave propagation constant, locally designed by means of a rigorous dispersion analysis. On the other hand, in our antenna, one sector of the printed surface is designed in the conventional EBG sense to reduce undesired surface wave diffraction effects at the substrate termination.
II. SUBSTRATE AND FEED DESIGN
In this letter, the dielectric substrate thickness is such that only the mode can propagate within the unloaded grounded slab.
To this end the thickness of the substrate is selected according to (1) where is the relative dielectric constant of the substrate and is the free space wavelength. This condition prevents the propagation of the first higher order mode, . To efficiently launch the surface-wave it is important to operate close to the cut-off frequency of and with high permittivity. In our prototype, the operative frequency is 11.75 GHz and a commercially available substrate with dielectric constant and verifies the mono-modal condition with efficient surface mode launching.
The design of the feed is also crucial in order to efficiently excite the surface wave. The feed chosen is the one proposed in [5] , that is a slot type Yagi-Uda coplanar-waveguide antenna fed by a coplanar waveguide (CPW). This is a simple and effective solution compatible with monolithic-microwave integrated-circuit (MMIC) fabrication. The feed is shown in Fig. 2 with the geometrical parameters indicated in Table I . The black parts of Fig. 2 are etched on the ground plane side of the substrate, see Fig. 3 . The point A in Figs. 1 and 2 indicates the alignment between the ground plane side and the EBG Printing Layer of the substrate (Fig. 3) . The feed geometry is constituted by folded slots followed and preceded by parasitic slots. The short slot in front of the radiator is the director and the long slot behind is the reflector. A stub matches the feed to a 50 Ohm CPW-line. The final transition from CPW to a 50-Ohm coaxial cable, needed to measure the antenna, is made through a commercially available SMA connector. The connector is placed at the point B in Fig. 2 .
III. DISPERSION ANALYSIS OF THE LOCAL PERIODIC SURFACE
In order to achieve the required radiation performance of the antenna, the feeding slots are surrounded on the top surface of the dielectric slab by two different printed dipole sectors, one operating in the leaky-wave regime and the other one operating in the cutoff EBG regime (Fig. 1) . It is important to characterize the dispersion diagrams of the two sectors.
The design is based on the analysis of the equivalent circularly symmetric structure, applied independently to the two sectors with the same criterion used in [1] and [6] . The equivalent transversal section is shown in Fig. 3 . In this case, the dominant design parameters are and , while the azimuthal angular distance between the dipoles plays a minor role. The 2-D geometry yields a good first-order estimation of the overall performance of the relevant 3-D geometry, while reducing the numerical effort [1] , [6] . In the leaky-wave sector, the dipoles have a periodicity and a length of instead in the EBG sector the periodicity is and the length is . In both sectors the dipoles width is 0.5 mm. The dispersion diagrams representing the propagation and attenuation constants normalized to the free space wavenumber and pertinent to the two periodicities ( and ) are shown in Fig. 4 .
The dispersion diagrams clearly show that around the operative frequency the EBG and the leaky-wave aperture sectors work respectively in the band-gap and leaky region of the relative dispersion diagram.
IV. PROTOTYPE AND EXPERIMENTAL RESULTS
The leaky-wave condition is defined over the angular sector where most of the surface wave power is actually launched. The cutoff EBG is covering the remaining angular sector to reduce the residual power that would be launched in surface waves and would result in effective losses and spurious diffraction. In particular, the leaky-wave sector presents a periodicity that produces backward radiation. The final dimensions for the printed surface are 148 170 mm while the dimensions of the panel where the antenna is printed are 225 225 mm. The input reflection coefficient and the radiation patterns of the antenna have been measured.
The measured input reflection coefficient is shown in Fig. 5 . The operative frequency of the antenna is with a 10 dB relative bandwidth of . The variation of the radiation pattern as a function of the frequency, typical of leaky wave antennas, has been investigated. The radiation patterns have been measured at ; ; , in the TNO far-field range. The angle spam used for the measurements is 360 with a step angle of 1.8 . The measured radiation patterns on the E-plane are reported in Fig. 6 . The antenna shows a frequency scanning behavior related to its leaky wave nature. In the frequency range considered, a variation in pointing angle of is observed. A theoretical estimation of the pointing angle is given by the normalized real part of the complex leaky wave propagation constant (2) The measured 18 variation agrees with the theoretical one given by the above equation. The antenna presents an acceptable sidelobe level ( 12 dB) over the entire 4.5% frequency bandwidth.
The antenna gain and efficiency has been evaluated numerically by means of Ansoft Designer [7] . The antenna, at the central frequency, presents a gain of and an efficiency of , calculated as the difference between the directivity and input gain of Ansoft Designer. Since the good matching of the antenna at the central frequency, the difference between gain and directivity can be interpreted as the residual surface wave power. For the surface wave losses, the most critical part of the antenna is the transition from EBG to leaky sector. In fact, the EBG and leaky sectors are designed to reduce respectively the surface wave field at the edges to less than 1/3 and 1/10 of the field at the feed and then to less than 1/10 and 1/100 in terms of power. Increasing the size either of the antenna or of the ground place would not then improve the efficiency or the quality of the field pattern. Concerning the last point, good performances are achieved in both the E-plane and H-plane, as shown in Figs. 6, 7 . Anyway, the residual surface wave power could give reason of spurious side lobes or broadening effect in other cuts of the field pattern. Fig. 7 shows the measured radiation patterns on the E-plane and H-plane at the central frequency. On the E-plane we observed a 3-dB beamwidth of and on the H-plane of . The patterns on these two planes could be shaped independently within a certain degree of freedom. In fact the patten on the E-plane is dictated by the leaky wave contribution. In particular, the 3-dB beamwidth is proportional to the attenuation constant of the leaky wave and the pointing angle is related to the propagation constant of the leaky wave through (2) . On the other hand, in the case of large radiating aperture, the pattern on the H-plane is linked to the surface wave directivity of the feed.
V. CONCLUSION A design strategy based on the use of PCS-EBG to realize directive antennas on printed circuit board technology has been proposed. An antenna prototype has been manufactured and tested. The measured input reflection coefficient and radiation patterns have been presented and explained thanks to the dispersion properties of the EBGs. The proposed antenna is suitable for implementing, with an economical solution, similar function of that now obtained via standard slotted traveling wave waveguide arrays.
